Abstract Carbon dioxide (CO 2 ) is important in insect ecology, eliciting a range of behaviours across different species. Interestingly, the numbers of CO 2 gustatory receptors (GRs) vary among insect species. In the model organism Drosophila melanogaster, two GRs (DmelGR21a and DmelGR63a) have been shown to detect CO 2 . In the butterfly, moth, beetle and mosquito species studied so far, three CO 2 GR genes have been identified, while in tsetse flies, four CO 2 GR genes have been identified. In other species including honeybees, pea aphids, ants, locusts and wasps, no CO 2 GR genes have been identified from the genome. These genomic differences may suggest different mechanisms for CO 2 detection exist in different insects but, with the exception of Drosophila and mosquitoes, limited attention has been paid to the CO 2 GRs in insects. Here, we cloned three putative CO 2 GR genes from the cotton bollworm Helicoverpa armigera and performed phylogenetic and expression analysis. All three H. armigera CO 2 GRs (HarmGR1, HarmGR2 and HarmGR3) are specifically expressed in labial palps, the CO 2 -sensing tissue of this moth. HarmGR3 is significantly activated by NaHCO 3 when expressed in insect Sf9 cells but HarmGR1 and HarmGR2 are not. This is the first report characterizing the function of lepidopteran CO 2 receptors, which contributes to our general understanding of the molecular mechanisms of insect CO 2 gustatory receptors.
Introduction
Carbon dioxide (CO 2 ) is ubiquitous in the environment and plays critical roles in insect life. Insects require sensitive and robust systems to detect environmental CO 2 , which is responsible for regulating diverse behaviours in different insect species. For example, in the densely populated nests of social insects like bees, wasps, ants and termites, the CO 2 concentration is much higher than the atmospheric concentration. These social insects may use CO 2 to help locate their nests (Seeley 1974) . For mosquitoes, CO 2 is a cue for locating hosts for blood feeding and is therefore often utilised as a component of effective attractants in mosquito traps (Guerenstein and Hildebrand 2008; Syed and Leal 2007) . For Drosophila, CO 2 is released by stressed flies and elicits avoidance behaviours in other individuals (Suh et al. 2004 ). For many moths, CO 2 gradients may indicate floral quality. Fresh flowers, which may provide better nectar release, produce more CO 2 than older flowers (Thom et al. 2004) .
Insect CO 2 receptors were first identified from Drosophila. Two gustatory receptors (GRs), DmelGR21a and DmelGR63a, were identified through their expression in ab1C olfactory receptor neurons in the CO 2 -sensitive ab1 sensilla on the antennae (Dahanukar et al. 2007; Jones et al. 2007 ). Both receptors have been shown to be required for CO 2 detection. Similarly, three receptors (AgamGR22, 23 and 24) have been identified through their coexpression in the CO 2 sensitive maxillary palps of the malaria mosquito, Anopheles gambiae (Jones et al. 2007 ). The orthologous genes of these threeCO 2 receptors were also identified in other mosquito species such as Aedes aegypti (Erdelyan et al. 2012) and Culex quinquefasciatus (Robertson and Kent 2009) . Recently published genome and transcriptome sequences from various insect species revealed that putative CO 2 gustatory receptors are conserved in many insect species including mosquitoes, moths, butterflies, beetles and flies (Anderson et al. 2009; Briscoe et al. 2013; Dahanukar et al. 2007; Erdelyan et al. 2012; Obiero et al. 2014 ). However, CO 2 GRs are absent in other species like honeybees, human louses, wasps, ants and blacklegged ticks (Robertson and Kent 2009) , suggesting that these latter species may use different mechanisms for CO 2 sensation. Among the insect species that have CO 2 GRs, the numbers of genes present in the genome vary (Anderson et al. 2009; Briscoe et al. 2013; Dahanukar et al. 2007; Erdelyan et al. 2012; Obiero et al. 2014; Robertson and Kent 2009) . Beetles, moths, butterflies and mosquitoes possess three CO 2 GR genes in their genomes while Drosophila only has two (Briscoe et al. 2013; Robertson and Kent 2009) , and a recent study on tsetse fly reported that there are four GR genes orthologous to the Drosophila CO 2 receptors (Obiero et al. 2014) .
Currently, most studies on insect CO 2 receptors are focused on Drosophila or mosquitoes (Cayirlioglu et al. 2008; Dahanukar et al. 2007; Erdelyan et al. 2012; Hartl et al. 2011; Jones et al. 2007; McMeniman et al. 2014; Montell 2013; Turner and Ray 2009) and are aimed at discovering compounds for vector control that can modulate CO 2 receptors in mosquitoes (Tauxe et al. 2013; Turner and Ray 2009) . Little attention has been paid to the CO 2 receptors of agricultural pests. For example, alternatives to heavy insecticide use, such as interfering with CO 2 reception, would be helpful for controlling Helicoverpa armigera, which is one of the most destructive agricultural pests known (Sharm 2001) . So far, insect CO 2 receptors have only been functionally characterised in vivo using transgenic Drosophila, mutated mosquitoes or RNAi techniques (Cayirlioglu et al. 2008; Dahanukar et al. 2007; Erdelyan et al. 2012; Hartl et al. 2011; Jones et al. 2007; McMeniman et al. 2014; Montell 2013; Turner and Ray 2009) . These approaches are not established for Lepidoptera. The development of a practical and consistent in vitro assay for functional characterisation of lepidopteran CO 2 receptors will not only help studies of receptor function and mechanism but also enable future screening for compounds that could be used in novel chemosensorybased insect control strategies (Tauxe et al. 2013) .
In our previous transcriptomic study of H. armigera chemosensory tissues, we identified three CO 2 GR genes (HarmGR1, HarmGR2 and HarmGR3) with full-length open reading frame (ORF) sequences (Liu et al. 2014 ). In the current study, we cloned these three H. armigera CO 2 receptor genes, analysed their expression profiles and performed phylogenetic analysis and functional analysis.
Materials and methods
Insect rearing, tissue collection and RNA purification H. armigera were fed an artificial diet in the laboratory of CSIRO as previously described (Xu et al. 2012) . Ten antennae, ten labial palps and five proboscises were randomly collected from adult males and females aged 1-5 days (Liu et al. 2014) . All collected tissues were immediately stored in RNAlater (Invitrogen, USA). Total RNA was purified using RNAqueous (Ambion, USA) kits according to the manufacturer's protocol. The purified RNA was treated with DNaseI (Ambion, USA) at 37°C for 30 min, then quantified and qualified using NanoDrop ND-2000 (Thermo Scientific, USA).
Gene expression profile
RNAseq results from the following tissues: antennae, mouthparts, epidermis, fat body, foreguts, midguts, hindguts, malpigian tubules, hemocytes, hearts, trachea, ventral nerve, silk glands, salivary glands and muscle of the fifth instar; male antennae, female antennae, male head, female head, male tarsi, female tarsi, male thorax, female thorax, male abdomens, female abdomens, male testes and female ovaries from adults; embryos; and whole bodies of the third instar, fifth instar and pupae (The Helicoverpa armigera Genome Sequencing Consortium, Unpublished data) were analysed using the default settings of Just_Preprocess_My_Reads (http:// justpreprocessmyreads.sourceforge.net/), which conducts a mild quality control and trimming, pooled and assembled using Trinity-RNASeq using the default settings (Haas et al. 2013 ). HarmGR1-3 ORFs were predicted using the TranscriptDecoder software in Trinity-RNASeq (http:// sourceforge.net/projects/transdecoder) using the PFAM option. In silico expression profiles were generated using DEW (http://dew.sourceforge.net/) as described (Liu et al. 2014 ).
RT-PCR and gene cloning
The complementary DNA (cDNA) templates were prepared from purified RNA samples using SuperScript™ III Reverse Transcriptase (Invitrogen, USA), according to the manufacturer's manual. RT-PCR was performed using gene-specific primers for the full-length ORF sequences, (HarmGR1f-ATGATTGATTATTGCTCATTC, HarmGR1r-TTATTCCT CATCAACTTCATCAG, HarmGR2f-ATGACGATCCCG GATCATCTGTTTGATG, HarmGR2r-TTACGTTGCAAC AATTTGTGGG, HarmGR3f-ATGTCGTTTCATACCAGT AAC and HarmGR3r-TTAATTCTTCTTTTTCTTCTTGGC GAG), and actin gene was used as control to monitor the quality of each cDNA samples (Xu et al. 2012) . The PCR program was as follows: 95°C for 3 min; 40 cycles at 95°C for 30 s, 60°C for 30 s and 72°C for 90 s; and final extension at 72°C for 10 min. RT-PCR reactions were repeated at least three times, and products were analysed by using 1.0 % agarose gels (Liu et al. 2014) . Correct PCR products were purified using QIAquick gel extraction reagents (Qiagen, USA), cloned into the pBluescript SK (+) vector (Stratagene, USA) and sequenced. The successfully cloned GR ORF sequences were further subcloned into PIB/V5-His vectors (Invitrogen, USA) for expression in insect Sf9 cells. Multiple transmembrane domains of receptors were predicted by Split (http:// split.pmfst.hr/split/) (Juretic et al. 1993) , DAS (http://www. sbc.su.se/~miklos/DAS/) (Cserzo et al. 2002) , OCTOPUS (http://octopus.cbr.su.se/index.php?about=OCTOPUS) (Viklund and Elofsson 2008) and TMHMM (http://www.cbs. dtu.dk/services/TMHMM-2.0/) (Krogh et al. 2001 ). The predicted structures were drawn by Topo2 (http://www.sacs. ucsf.edu/cgi-bin/open-topo2.py/).
Phylogenetic analysis
HarmGR1, HarmGR2 and HarmGR3 amino acid sequences were used for phylogenetic analysis with other known insect CO 2 receptors from Drosophila melanogaster, Musca domestica, Chrysomya megacephala, Ceratitis capitata, Dendroctonus ponderosae, Aedes aegypti, Culex quinquefasciatus, Anopheles gambiae, Bombyx mori, Danaus plexippus, Heliconius melpomene, Tribolium castaneum, Zootermopsis nevadensis and Glossina morsitans (Table 1) (Anderson et al. 2009; Briscoe et al. 2013; Dahanukar et al. 2007; Erdelyan et al. 2012; Obiero et al. 2014; Robertson and Kent 2009; Terrapon et al. 2014) . GenBank accession numbers of these genes can be found in Table 1 . A maximum likelihood tree was calculated using the default settings based on Jones-Taylor-Thornton (JTT) model with partial deletions and 1000 bootstrap replications by MEGA 6.0 (Xu et al. 2012 ).
Calcium imaging
Spodoptera frugiperda Sf9 cells (Invitrogen) were suspended and cultured in Sf-900 II SFM medium (Invitrogen) according to the manufacturer's instructions. Sf9 cells were plated into 12-well plates and left to settle for 20 min before being transfected by 500 ng of plasmid construct (PIB/V5-His vector as control) and 3 μL of Fugene HD transfection reagent (Promega, USA) in 100 μL of medium per well. After 48 h post-transfection, the treatment method was the same as previously described (Kiely et al. 2007; Smart et al. 2008; Zhang et al. 2011) . Aqueous carbon dioxide, CO 2 , reacts with water forming bicarbonate HCO 3 − , or carbonate, CO 3 2− . Carbonate CO 3 2− will cause the calcium in the Hank's balanced salt solution (HBSS) buffer (5 mM KCl, 130 mM NaCl, 0.5 mM MgSO 4 , 2 mM CaCl 2 , 1 mM NaHCO 3 , 10 mM D-glucose, 2 mM probenecid, 10 mM HEPES, pH 7.4 and sterilised through a 0.22-μm filter) to precipitate but bicarbonate HCO 3 − did not. Therefore, sodium bicarbonate (NaHCO 3 ) (Sigma >99 % purity) was applied in this study. ΔF was calculated as the ratio of maximal change in fluorescence from basal levels upon the addition of ligand relative to maximal Fig. 1 ) (Kiely et al. 2007; Smart et al. 2008; Zhang et al. 2011) . NaHCO 3 was dissolved in HBSS buffer as 50-mM store solution, which was further diluted with HBSS buffer for dose-dependent analysis.
Results
We summarised the number of insect CO 2 GRs identified from various insect species with available genome or transcriptome sequences (Fig. 1a) . Three orthologous CO 2 GR genes were identified from four lepidopteran species including B. mori, H. armigera, D. plexippus, H. melpomene, and one Coleoptera species, T. castaneum. Diptera insect species showed different numbers of putative CO 2 GRs with two CO 2 GRs reported in Drosophila (DmelGR21a and DmelGR63a), three CO 2 GRs identified in multiple mosquito species (A. gambiae, A. aegypti and C. quinquefasciatus) (Robertson and Kent 2009 ) and four CO 2 GRs found in the tsetse fly (Glossina morsitans) (Obiero et al. 2014) . No orthologous CO 2 GR genes have been identified from honeybee, louse, aphid, ants, wasps, locust and water flea genomes (Fig. 1a ) (Robertson and Kent 2009; Terrapon et al. 2014) . Lastly, we included five putative CO 2 GRs from the termite Z. nevadensis (Terrapon et al. 2014 ) (Supplementary Table 1 ). Alignment analysis demonstrated that the CO 2 GRs are conserved in many insect species (~40-90 % identity) except termite Z. nevadensis, which contains five orthologous genes of CO 2 GRs but showed low (<30 %) identities compared to other known insect CO 2 GRs (Supplement Table 1 ) (Terrapon et al. 2014 ).
We performed a phylogenetic analysis on HarmGR1, HarmGR2 and HarmGR3 with other known insect CO 2 receptors (Fig. 1b) . From the phylogenetic tree, these insect CO 2 GRs were divided into three major groups: GR1, GR2 and GR3 (Fig. 1b) . The GR1 group houses the orthologous GRs of Drosophila GR, Dmel21a. GR3 group houses orthologous GRs of Dmel63a. The GR2 group is very close to the GR1 group. Insect species like beetles, moths, butterflies and mosquitoes have three conserved CO 2 GRs with one GR in each group. Drosophila only has two GRs and they are in GR1 and GR3 group. This is also the case for a few other flies except
Species "CO2" GRs
Helicoverpa armigera 3
Bombyx mori 3

Heliconius melpomene 3
Danaus plexippus 3 Anopheles gambiae 3 Aedes aegypti 3
Culex quinquefasciatus 3
Drosophila melanogaster 2 Glossina morsitans 4
Tribolium castaneum 3
Pogonomyrmex barbatus 0
Linepithema humile 0
Apis mellifera 0
Nasonia vitripennis 0
Acyrthosiphon pisum 0
Pediculus humanus 0 Locusta migratoria 0 Fig. 1 The numbers of CO 2 GRs in various insect species (a) and the phylogenetic analysis of insect CO 2 GRs (b). GR1 group (blue), GR2 group (green) and GR3 group (red). The accession numbers of insect CO 2
Zootermopsis nevadensis 5
Daphnia pulex
GRs used for phylogenetic analysis are listed in Table 1 . The number of candidate CO 2 GRs differ across species and fall into discreet groups the tsetse fly (Fig. 1b) which has four CO 2 GRs, one in GR1 group, two in GR2 group and one in GR3 group. For the termite, Z. nevadensis, all five identified CO 2 GRs are in GR3 group with no GR1 or GR2 GRs were detected in this species.
To provide global gene expression profiles in the 32 different sequenced libraries, we surveyed the differential expression of HarmGR1, HarmGR2 and HarmGR3 ORFs. As expected, almost all these three gustatory receptor genes were detected in at least one library. HarmGR1 and HarmGR3 are both highly detected in the adult heads but not adult antenna (Fig. 2a) . However, HarmGR2 is highly detected in the adult heads, adult antennae, female adult tarsi, adult thoraxes, larvae hindgut and larvae ventral nerve (Fig. 2a) . Interestingly, the expression levels of these three CO 2 GRs in the adult heads are higher than those in the adult antenna (Fig. 2a) .
We studied the expression profile of HarmGR1, HarmGR2 and HarmGR3 in H. armigera using cDNA samples synthesised from adult antennae, labial palps and proboscises from male and female adults. The RT-PCR results of the actin gene showed that all the cDNA samples are almost equally qualified and quantified (Fig. 2b) . All HarmGR1, HarmGR2 and HarmGR3 were amplified with expected size (~1300 or 1400 bp) from the adult labial palps (Fig. 2b) GRs was detected in the proboscis (Fig. 2b) . Adult labial palps cDNA was used as PCR template to amplify full-length HarmGR1, HarmGR2 and HarmGR3 ORF cDNA sequences, which resulted in fragments of 1404 bp for GR1, 1302 bp for GR2 and 1398 bp for GR3. We cloned these into the pIB/V5-his vector for expression of these three GR genes in insect Sf9 cells.
To investigate the membrane topology of these three CO 2 GRs, we first applied the algorithms TMHMM, Split, DAS and OCTOPUS for predicting transmembrane domains (TMDs). For HarmGR1 and HarmGR2, all four programs predicted seven conserved TMDs (Fig. 3a) . For HarmGR3, the predicted TMD results are variable, from six to nine TMDs. Previous studies show that both insect olfactory receptors (ORs) and GRs encode seven TMDs with an intracellular N terminus (Dahanukar et al. 2007; Robertson and Kent 2009) . Therefore, here, we utilised software TOPO2 and displayed the predicted seven TMD structures of these three GRs (Fig. 3b) . All of these three GRs showed similar topologies with a long N-terminal tail and a short C-terminal tail (Fig. 3b) .
We expressed HarmGR1, HarmGR2 and HarmGR3 in Sf9 cells individually and performed quantitative calcium imaging assays to 50 mM sodium bicarbonate (NaHCO 3 ). Our results indicated that Sf9 cells, although transfected with the empty vector, can be activated by NaHCO 3 . We assume that it is due to native receptors expressed on the Sf9 cell membrane that can detect NaHCO 3 or the change of ions in the buffer. A twotailed Student's t test indicated that HarmGR3 is active to NaHCO 3 (ΔF=0.256, p<0.01), above the native activation of the Sf9 cells, while HarmGR1 and HarmGR2 did not show any significant responses (Fig. 4a) . A graph showing the change of ΔF with time of HarmGR1, HarmGR2 and HarmGR3 to 50 mM NaHCO 3 is provided ( Supplementary  Fig. 1 ). When we tested Sf9 cells expressing HarmGR3, the addition of NaHCO 3 after 120 s resulted in the rapid increase in fluorescence to a local maximum. However, this increase in Sf9 cells expressing HarmGR1 or HarmGR2 was much lower. The addition of the ionomycin, after 180 s, caused a further increase in fluorescence; the greatest value of which was taken as the cells maximum fluorescence (Supplementary Fig. 1 ). Dose-dependent responses to NaHCO 3 were analysed for HarmGR3 (Fig. 4b) and showed that NaHCO 3 can cause dose-dependent responses from 20 to 40 mM concentrations ( Fig. 4b) with an EC 50 of 26.8±3.6 mM.
Discussion
We have collated information on the CO 2 GRs from all available insect genomes and find that Diptera, Lepidoptera and Coleoptera all have putative CO 2 GRs (Fig. 1a) , which is consistent with their comparatively close evolutionary relationship (Savard et al. 2006) . A phylogenetic analysis showed that these CO 2 GRs form three groups (Fig. 1b) . Most species studied contain at least one receptor from each group, with the exception of Drosophila, which only has two receptors (Fig. 1b) . DmelGR21a is in the GR1 group while DmelGR63a is in the GR3 group. The termite has five CO 2 GRs all in the GR3 group (Fig. 1b) , suggesting that Isoptera may use somewhat different mechanisms for detecting CO 2 detection, compared with more evolved insects.
No gene orthologous to the CO 2 GRs have been identified from the genomes of honeybee, wasp, ant, pea aphid, blacklegged ticks (Ixodes scapularis), human louse or locust (Fig. 1a) (Robertson and Kent 2009; Terrapon et al. 2014) . Honeybees and blacklegged ticks are known to respond to CO 2 physiologically, indicating they may have another pathway for CO 2 detection (Robertson and Kent 2009; Terrapon et al. 2014) . In Drosophila, the ionotropic receptors (IRs) IR64a and IR8a work together to detect a drop in sensory lymph pH, which could be induced by a high concentration of CO 2 in the environment (Ai et al. 2013) . A recent study further showed that genetic disruption of the IR64a in Drosophila can alter their in-flight attraction to CO 2 (Wasserman et al. 2013) . Therefore, IRs may be alternative receptors for CO 2 detection in species that lack orthologous CO 2 GRs (Ai et al. 2013) .
The tissues expressing the CO 2 GRs vary in Drosophila, mosquitoes and moths, as does the known sensory structure responsible for CO 2 detection. For example, both DmelGR21a and DmelGR63a are expressed in the same neuron on the antennae of Drosophila (Dahanukar et al. 2007; Jones et al. 2007 ) while mosquitoes express three CO 2 GRs in the maxillary palps. Our previous RT-PCR and transcriptome study indicate that HarmGR1, HarmGR2 and HarmGR3 are highly transcribed in the male and female adult heads (Liu et al. 2014) . The heads contain multiple sensory appendages like antennae, labial palps and proboscis. Interestingly, the expression levels of HarmGR1, HarmGR2 and HarmGR3 in the adult heads are much higher than those in the adult antenna (Fig. 2a) , suggesting that they may be highly expressed in other tissues on the heads like proboscis or labial palps. To further confirm the localisation of HarmGR1, HarmGR2 and HarmGR3 in these appendages, we performed RT-PCR analysis on these tissues from adults. HarmGR1, HarmGR2 and HarmGR3 are all highly expressed on the labial palps (Fig. 2b) , as would be expected as physiological studies show CO 2 is detected by the palps in this moth (Bogner et al. 1986 ). HarmGR2 is also highly detected in the adult thoraxes, female adult tarsi, male adult abdomen, adult antennae, larvae hindgut and larvae ventral nerve but HarmGR1 and HarmGR3 are not (Fig. 2a) , suggesting that HarmGR2 may have other functions in these tissues. Physiological experiments have shown CO 2 is detected by sensilla in the larvae antenna (Zhao et al. 2013) , and in our previous study, we found that HarmGR3 is expressed there, suggesting that it may function individually in CO 2 detection in the larvae. It is reported that CO 2 , combined with hostspecific signals, is used by H. armigera larvae to distinguish among various plant tissues like young leaves, flowers and fruits to drive feeding preferences (Rasch and Rembold 1994) .
We also compared the predicted membrane topologies of three H. armigera CO 2 GRs (Fig. 3) . The prediction results from the algorithms TMHMM, Split, DAS and OCTOPUS indicate that seven TMDs are conserved in HarmGR1 and HarmGR2, while HarmGR3 is not (Fig. 3a) . HarmGR1 and HarmGR2 showed high similarity in the phylogenetic analysis (Fig. 1b) , suggesting that they may evolve from the same *p<0.01 a b Fig. 4 ancestor gene. Like insect ORs, all three CO 2 GRs show an inverted topology relative to G protein-coupled receptors with a long intracellular N-terminal and a short extracellular Cterminal in our structure prediction (Fig. 3b) . In Drosophila, genetic studies have shown both CO 2 receptors (Dmel21a and Dmel63a) are required to detect CO 2 in their native neuron (Jones et al. 2007 ) and when misexpressed in the Drosophila Bempty neuron^system (Dahanukar et al. 2007) . A similar result was also reported in studies of other Drosophila GRs to detect caffeine, theophylline, sucrose, Dglucose as well as trehalose (Dahanukar et al. 2001; Dahanukar et al. 2007; Jiao et al. 2008; Jones et al. 2007; Moon et al. 2006) . In the mosquito A. aegypti, RNA interference (RNAi)-mediated gene knockdown of either AaegGR21a or AaegGR63a resulted in a loss of CO 2 sensitivity, suggesting that these two proteins function as a heterodimer just as DmelGR21a and DmelGR63a do in Drosophila. Interestingly, RNAi-mediated knockdown of the third CO 2 GR, AaegGR2, had no impact on CO 2 reception (Erdelyan et al. 2012) . However, whether the coexpression of multiple GRs is required for CO 2 detection in other insect species, like H. armigera, is still unknown. It is too early to conclude that HarmGR3 can function without a coreceptor in vivo, because Sf9 cells may possess a native receptor that can couple with HarmGR3 in detection of NaHCO 3 . We also cannot dismiss the possibility that any combination of the three GRs may give an increased response, as seen in Drosophila where GR63a and GR21a form a functional CO 2 receptor and synergistically increase the response to CO 2 (Dahanukar et al. 2007) . In this study, the response of bicarbonate dissolved in solution was measured, and therefore, we cannot determine whether HarmGR3 acts as a receptor to CO 2 or as a receptor to HCO 3 − . In vitro studies on other GRs, such as BmGR8 (Zhang et al. 2011) , BmGR9, DmelGR43a (Sato et al. 2011 ) and HarmGR9 (Xu et al. 2012) , show their responses to myo-inositol or Dfructose did not require the coexpression of other GRs in insect cell or Xenopus oocytes, which is consistent with our HarmGR3 studies here (Fig. 4) . Previously, Sf9 cells have been successfully used to functionally characterise insect sugar receptors (Xu et al. 2012; Zhang et al. 2011 ) and insect ORs (Anderson et al. 2009; Smart et al. 2008 ). Sf9 cells are derived from ovarian tissue of a lepidopteran species (Spodoptera frugiperda) and may therefore be more suitable than other systems like the Bempty neuron^from Drosophila (Dobritsa et al. 2003) , Xenopus oocytes with patch clamp technologies (Sakurai et al. 2004 ) and human cells (HEK293T cells) (Sato et al. 2008) for studying lepidopteran chemosensory receptors, including CO 2 receptors, because they better support lepidopteran chemoreceptor function.
In summary, we cloned three putative H. armigera CO 2 GR genes, which are all expressed in labial palps, the CO 2 -sensing structure of this moth. When expressed in insect Sf9 cells, HarmGR3 is significantly activated by NaHCO 3 but HarmGR1 and HarmGR2 are not. This is the first report characterizing the function of lepidopteran CO 2 receptors, which improves our general understanding of the molecular mechanism of lepidopteran CO 2 receptors. This study could also be utilised to establish a robust cell-based system for studying CO 2 receptors, which may be helpful in investigating options that interfere with CO 2 sensation providing an alternative insect control strategy. For example, by targeting insect CO 2 receptors, attractants, repellents and confusion strategies could be employed to disrupt critical insect behaviours (Tauxe et al. 2013) .
